Oocyte meiosis is sensitive to endogenous and exogenous perturbations that upset the temporal sequence of biochemical reactions during oocyte maturation (OM) and predispose oocytes to aneuploidy. Nicotine is an alkaloid that has been reported to disrupt the rate of OM, reduce ovulation and fertilization rates, and increase diploidy. The objective of this study was to test the hypothesis that nicotine perturbs the rate of OM and induces aneuploidy in mouse oocytes in vivo and in vitro. Female mice were given 7.5 IU pregnant mare's serum and either 0, 5.0, 7.5, or 10 mg/kg nicotine in vivo at -3, 0, and ⍣3 h relative to a 5 IU injection of HCG. Oocytes were also cultured in vitro in the presence of 0, 1.0, 5.0, or 10.0 mmol/l nicotine. In vivo, significant (P < 0.05) differences in the proportions of oocytes with premature centromere separation and premature anaphase were found at 10.0 mg/kg nicotine suggesting that the rate of OM was advanced. Also, at this dose the proportion of ovulated oocytes was reduced by~50% relative to controls. In vitro, only nonsignificant differences were found among the parameters measured. Although nicotine reduced the ovulation rate and perturbed the rate of OM in vivo, these data show that the rate of aneuploidy was not significantly elevated.
Introduction
mechanisms; whereas, in-vivo studies may provide information about genetic risk. However, there is a paucity of intraOf the different types of genetic abnormalities found in laboratory comparative in-vivo and in-vitro aneuploidy data, humans, aneuploidy is the most prevalent. Approximately and we have recently found that the results between treatment 0.3% of human liveborns and 40-60% of early spontaneous modes may differ (London et al., 1999a,b) . This is not abortions are aneuploid or polyploid (Bond and Chandley, necessarily unexpected due to differences in pharmacokinetics, 1983; Hansmann, 1983; Hook, 1985) . Although a paucity of catabolism, and the influence of follicular cells. The present information exists about the numerous potential causes and study offers additional insight into the role of induced perturbamechanisms of abnormal chromosome segregation, it is tions during OM and aneuploidy and also points out that the known that a diverse group of chemicals to which humans are mode of treatment has a significant influence on OM. exposed can induce aneuploidy in the oocytes of experimental Nicotine is an alkaloid that has been reported to interfere mammals (Mailhes, 1987; Mailhes and Marchetti, 1994) . Based with OM and chromosome disjunction (Racowsky et al., 1989) , upon the known and suspected mechanisms whereby these retard embryonic development (Baldwin and Racowsky, 1988) , compounds can interact with certain cellular organelles and and induce aneuploidy and polyploidy in bone marrow cells biochemical processes, information about the mechanisms of of mice (Bishun et al., 1972) . These findings coupled with its aneuploidy is gradually being acquired.
chemical class suggest that nicotine may be aneugenic in Oocyte meiosis is sensitive to endogenous and exogenous oocytes. When hamster oocytes were exposed to 5 mmol/l perturbations that alter the rate of oocyte maturation (OM).
nicotine in vitro, the proportions of oocytes blocked in metaIntra-and extrafollicular changes (pH, perifollicular microphase I (MI) and of oocytes with non-disjoined bivalents at vasculature, oxidative stress, toxins) can disturb the orderly anaphase I were increased (Racowsky et al., 1989) . These sequence of OM and predispose oocytes to faulty chromosome investigators also reported a dose-dependent decrease in the segregation (Hansmann and Pabst, 1992 ; Eichenlaub-Ritter proportion of mouse embryos reaching the blastocyst et al., 1996; Mailhes et al., 1997) . Most compounds that stage following in-vitro exposure to 0.5-5.0 mmol/l nicotine induce aneuploidy in mammalian oocytes alter microtubular (Baldwin and Racowsky, 1988) . Other studies in rodents assembly and function, and a large proportion are alkaloids (Risenfeld and Oliva, 1987; Blackburn et al., 1994) and such as colchicine, vinblastine (Mailhes and Marchetti, 1994) , humans (Rosevear et al., 1992; Zenzes et al., 1995 Zenzes et al., , 1997 ) and cocaine (J.B. Mailhes et al., unpublished data) . Both in-vivo have shown that nicotine decreased the number of oocytes and in-vitro models are used for evaluating the aneugenicity of retrieved.
Additional data from humans showed that the proportion of chemicals. Generally, in-vitro studies yield data relevant to mean of 51 oocytes per mouse found in the controls (Table I) . Thus, diploid oocytes (Rosevear et al., 1992; Zenzes et al., 1995) 12.5 mg/kg nicotine exceeded the acceptable limits of toxicity. To and disomic spermatozoa (Rubes et al., 1998) were more help alleviate the potential effect of a specific treatment time on the frequent in smokers. Confirmation of these findings in experiincidence of aneuploidy (Mailhes and Yuan, 1987; Hummler and mental models is important because diploidy and disomy can Hansmann, 1988; Mailhes and Marchetti, 1994) purpose of this study was to test the hypothesis that nicotine Thus, the total dosages were 15.0, 22.5, and 30.0 mg/kg. Ovulated oocytes were collected from oviducts 17 h after the last dose perturbs the rate of OM and induces aneuploidy in mouse of nicotine and processed for cytogenetic analysis (Mailhes and oocytes in vivo and in vitro. Yuan, 1987a) .
Materials and methods

In-vitro experiments Animals
A preliminary investigation involving eight experiments and 40 mice was conducted to determine a non-cell toxic nicotine dose Female ICR (Institute of Cancer Research) (Harlan Sprague-Dawley; range. When oocytes were cultured in medium containing 15.0 or Indianapolis, IN, USA) mice 8-12 weeks of age (weight 25-34 g) 20.0 mmol/l nicotine, the oocytes did not respond to hypotonic were used in all experiments. They were housed under a 12 light:12 treatment. This response is typical of degenerate cells and suggestive dark photoperiod, ambient temperature of 21-23°C, and relative of cell toxicity (Mailhes, 1995) . Thus, 10 mmol/l was chosen as the humidity of 50 Ϯ 5%. Food and water were provided ad libitum.
highest dose for the study.
Hormones and chemicals
At 46 h after PMS, cumulus-oocyte-complexes (COC) were collected from the antral follicles of five mice and placed into For both the in-vivo and in-vitro experiments, females received an Waymouth medium (Gibco No. 11220-035) containing 100 µmol/l i.p. injection of 7.5 IU pregnant mare's serum (PMS) (Folligon; 3-isobutyl-1-methylxanthine/ml (3-IBMX; Sigma Chemical Co, no. Intervet Ltd., Cambridge, UK) to increase the number of maturing I-5879) and maintained at 37°C until all COC were obtained (~2 h). follicles. After 48 h, animals in the in-vivo experiment received an Antral follicles contain fully grown, germinal vesicle-stage oocytes i.p. injection of 5 IU HCG (Ayrest Inc, Philadelphia, PA, USA) to that are capable of undergoing spontaneous maturation in vitro induce ovulation. The females in the in-vitro experiments did not (Eppig and Telfar, 1993) . The COC were then washed three times in receive HCG and their oocytes were obtained by follicular puncture 3-IBMX-free Waymouth medium and between 150-250 oocytes 46 h post-PMS. Nicotine (lot no. 34H3310) was purchased from were transferred to 2.5 ml of complete medium [Waymouth medium, Sigma Chemical Co (no. N-5260).
942.7 ml, Gibco No. 11220-035; fetal bovine serum, 50 ml, Gibco
In-vivo experiments
No. 16000-036; penicillin-streptomycin (10 000 IU/ml each of penicillin G sodium and streptomycin sulphate), 5 ml, Gibco The mean LD 50 for i.p. administration of nicotine to 8 week old
No. l5140-122; and pyruvic acid, 2.3 ml, (Gibco No. 11360-070) (29.6 g) mice was reported as 12.5 mg/kg (Stalhandske et al., FSH (1 µg/ml, NIDDK, lot No. AFP-7028D)] was added to the 1969). Preliminary experiments were conducted to determine a 2.5 ml of complete medium and the cells were incubated in a 5% nicotine dose range and a treatment modality that were neither CO 2 -5% 0 2-90% N 2 gaseous atmosphere at 37°C for 16 h. A cell nor animal toxic. The acquisition of such information is a 20 mmol/l stock solution of nicotine was prepared in Waymouth prerequisite for formulating an appropriate protocol for chemicallyculture medium and the pH adjusted to 7.5 within 1 h prior to placing induced aneuploidy studies (Mackay and Elliott, 1992; oocytes into culture. The final concentration of nicotine in the culture 1995). When 10 females were given 12.5 mg/kg nicotine i.p. at -3, medium was 0 (control), 1.0, 5.0, or 10.0 mmol/l. After 16 h of 0, and ϩ3 h HCG, one mouse died within 4 h of the last injection, culture, oocytes were then processed for cytogenetic analysis in the and two mice were non-ovulatory. The remaining seven females ovulated a total of 84 oocytes, which is considerably below the same manner as those from the in-vivo experiments. These in-vivo and in-vitro experimental protocols were replicated until an adequate chromosomes, sister chromatids separated at the centromere could resemble two dyads if C-banding is not used ( Figure 1A ). This number of oocytes were available for cytogenetic analysis.
situation could then result in the erroneous recording of an extra Cytogenetic analysis and statistical analysis of data chromosome. The frequencies of hypoploidy (n ϭ 10-19.5), haploidy (n ϭ 20), hyperploidy (n ϭ 20.5-29.5), and diploidy (n ϭ 30-40) Similar to cytogenetic techniques for other cell types, the number of oocytes placed onto slides was less than the number actually collected were calculated relative to the total number of MII oocytes analysed. The range in chromosome numbers for each classification encomdue to cell lysis during hypotonic treatment and fixation. Chromosomes were C-banded (Salamanca and Armendares, 1974) to enable passes our historical values. Likewise, the proportions of oocytes with PCS, premature anaphase (PA) ( Figure 1B) , and single unpaired an objective distinction between complete dyads and those separated into two chromatids or premature centromere separation (PCS). Due chromatids (SC) ( Figure 1C) were calculated relative to the number of MII oocytes analysed. PCS refers to MII oocytes with one to all to the tortuous morphology of mouse metaphase II (MII) oocyte PCS ϭ premature chromatin separation; PA ϭ premature anaphase; SC ϭ single chromatid. *P Ͻ 0.05 versus control. **P Ͻ 0.01 versus control.
of their dyads separated at the centromere and an even number of whereby compounds may interact with both the biochemical chromatids; whereas, SC designates MII oocytes with an uneven pathways responsible for OM and the chromosome segregation number of chromatids and no PCS. Since MI ( Figure 1D ) and diploid oraganelles and it has not been established if these mechanisms Exact Tests were used for statistical analyses of data. Fisher's Exact smokers (Lawson et al., 1998) and of 20.5 Ϯ 13.1 µg/l
Test was used when the events were rare (fewer than five cell (4.43ϫ10 -5 Ϯ 2.83ϫ10 -5 mmol/l) detected in five women who frequencies).
smoked ജ15 cigarettes per day (Ogburn et al., 1999) . Although sources of variation exist for measurements of blood nicotine concentrations (Benowitz et al., 1997) , these values are
Results
consistent with nicotine concentrations reported in patients The in-vivo data show that the frequencies of PCS were receiving transdermal nicotine dosages (Caspary et al., 1991 ; significantly (P Ͻ 0.05) increased following 10.0 mg/kg Ross et al., 1991; Gorsline et al., 1992) . nicotine and that the frequencies of PA were significantly
The finding that in-vivo nicotine treatment reduced the (P Ͻ 0.01) elevated after 5.0 and 10.0 mg/kg nicotine (Table  number of oocytes ovulated but did not increase the frequency I). PCS and PA are indicators of spontaneous oocyte of aneuploidy agrees with human oocyte data collected from activation concomitant with a possible increase in the rate of smokers undergoing IVF therapy (Zenzes et al., 1995) . Also, OM. 10 mg/kg nicotine also resulted in a 50% reduction in despite a dose-response trend towards higher frequencies of the number of oocytes collected (ovulated). On the other hand, hyperploidy in vitro (Table II) , the differences were not in vitro nicotine treatment did not perturb the rate of OM and significant. An earlier in-vitro study (Bishun et al., 1972) failed to show any significant (P Ͻ 0.05) effects for the found that nicotine failed to elevate aneuploidy in human parameters measured (Table II) . Although there was a trend lymphocytes, but did increase the frequencies of aneuploidy toward higher frequencies of hyperploidy with increasing and polyploidy in mouse bone marrow cells. However, it was nicotine doses in vitro, these differences were not significant. unclear if the aneuploidy and polyploidy data were recorded These data suggest that nicotine enhanced the rate of OM separately. in vivo and reduced the number of oocytes ovulated but did As well as evaluating the relative sensitivity of oocytes to not affect the frequencies of aneuploidy.
aneuploidy induction following in-vivo and in-vitro exposures, another objective was to assess the ability of nicotine to perturb Discussion the rate of OM. Either a net increase or decrease in the normal An obvious finding from this study was that the in-vivo and temporal sequence of the numerous biochemical processes in-vitro results differed. This was not unexpected due to responsible for OM has been proposed to predispose oocytes possible differences in pharmacokinetics, catabolism, and the to abnormal chromosome segregation (Hansmann and Pabst, influence of follicular cells (Mailhes, 1995; Eichenlaub-Ritter 1992; Eichenlaub-Ritter, 1994; Mailhes et al., 1995) . Perturbations may be deduced from the proportions of MI, diploid, et al., 1996) . In addition, there are numerous mechanisms PCS, and PA oocytes. Elevated frequencies of ovulated MI relatively high doses of nicotine in vivo increase the frequencies of PCS and PA and reduce the number of oocytes ovulated. and diploid oocytes are considered indicators of a decrease in the rate of OM and are often found in populations of oocytes
The results also suggest that nicotine does not elevate aneuploidy levels in mouse oocytes. exposed to microtubule-damaging compounds (Mailhes and Marchetti, 1994) . Conversely, higher levels of PCS and PA suggest spontaneous activation and an acceleration in OM
